Abstract. We present the first laboratory measurements of the hyperfine structure of the J = 1 ← 0 rotational transition of N 2 D + , a good tracer of the dense regions of molecular cloud cores, and the spectra of unresolved high J transitions recorded in the 308−463 GHz region. Together with a high sensitivity radio-astronomical spectrum of the N 2 D + J = 1 → 0 rotational transition in a quiescent cloud core, we determined with high precision the frequencies of the seven hyperfine components and the molecular spectroscopic constants, allowing us to make predictions on the N 2 D + frequencies of higher J transitions occurring in the submillimeter-wave region.
Introduction
Deuterium fractionation is an active process in cold and dense molecular clouds, mainly due to the deuteron-proton exchange reaction H + 3 + HD H 2 D + + H 2 , which is exothermic by ∼220 K (Millar et al. 1989) in the forward direction. Once formed, H 2 D + transfers the deuteron to abundant gaseous neutral species, such as CO and N 2 , producing DCO + and N 2 D + . Indeed, the N(DCO + )/N(HCO + ) and N(N 2 D + )/N(N 2 H + ) column density ratios observed towards cold cloud cores (e.g. Butner et al. 1995; Caselli et al. 2002b) are much larger (>1000 times) than the elemental abundance of deuterium ([D] /[H] ∼ 1.6 × 10 −5 ; Linsky et al. 1995) , making DCO + and N 2 D + two good tracers of physical and chemical conditions of molecular cloud cores, and allowing the determination of the electron fraction (e.g. Guélin et al. 1982; Caselli et al. 1998; Williams et al. 1998; Caselli et al. 2002b) , fundamental parameter which controls the dynamical evolution of molecular clouds and regulates the star formation rate (McKee 1989) .
At H 2 number densities larger than about 10 5 cm −3 (and dust temperatures < ∼ 20 K), another process becomes important for cloud core evolution: the differential molecular freeze out onto dust grains. Evidences of gas phase CO depletions have been found toward starless cores (Willacy et al. 1998; Caselli et al. 1999; Bacmann et al. 2002; Bergin et al. 2002;  Send offprint requests to: L. Dore, e-mail: dore@ciam.unibo.it Tables 4 to 8 are only available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/413/1177 Tafalla et al. 2002) and star forming regions (McMullin et al. 1994; Kramer et al. 1999; Jorgensen et al. 2002) . In particular, the central zones of starless cores, future sites of star formation, are likely to be almost completely deprived of gaseous CO molecules, so that the abundance of related species such as HCO + and DCO + is also drastically reduced (e.g. Caselli et al. 2002b; Lee et al. 2003) . On the other hand, N 2 H + and N 2 D + are not significantly affected by depletion (Caselli et al. 1999; Bergin et al. 2001; Tafalla et al. 2002) , given that the parent species N 2 is more volatile than CO and thus it maintains a large fractional abundance even at densities as large as 10 6 cm −3 (Bergin & Langer 1997; Aikawa et al. 2001; Caselli et al. 2002b; Aikawa et al. 2003) . Moreover, deuterium fractionation increases with depletion of neutral species reacting with H + 3 and H 2 D + , such as CO (e.g. Dalgarno & Lepp 1984; Roberts & Millar 2000; Bacmann et al. 2003) . Thus, the N 2 D + /N 2 H + abundance ratio and the N 2 D + fractional abundance increase towards the core center, so that N 2 D + is particularly suitable to investigate the kinematics as well as the physical and chemical conditions of the highly CO-depleted core nuclei. In fact, N 2 D + observations have recently allowed an accurate analysis of the velocity field and kinematics across the core nucleus of L1544, a well-known starless core (Caselli et al. 2002a) . N 2 D + lines can be used to determine the line of sight component of the velocity of ions in the densest portions of cloud cores. These values can then be compared with those obtained from lines of chemically related neutral species (e.g. NH 2 D, observable with similar angular resolution), to estimate the speed of the ion-neutral drift in the core nucleus and to quantify the importance of magnetic fields in the dynamical evolution of star forming clouds.
In summary, it is extremely important to determine with high precision the frequencies of N 2 D + rotational lines for kinematic studies (see e.g. Lee et al. 2001) . Also, a more precise determination of the N 2 D + spectroscopic constants will be important to more accurately derive N 2 D + column densities and abundances, given that the hyperfine splitting allows a direct determination of the transition optical depth.
The dominant hyperfine interactions in N 2 D + are those between the molecular electric field gradient and the electric quadrupole moments of the two nitrogen nuclei: for the J = 1 → 0 rotational transition of N 2 H + , these produce a splitting into seven hyperfine components (Caselli et al. 1995) . The quadrupole coupling of the D nucleus, with spin 1, may add complexity to the hyperfine structure of N 2 D + (1-0), but its effect is likely to be negligible (see Sect. 3).
The hyperfine structure of the J = 1 ← 0 transition of N 2 D + was observed for the first time by Anderson et al. (1977) , who were able to detect the ∆F = 0 and +1 components due to the outer N nucleus; all the three components were later detected in L134 by Snyder et al. (1977) . Recently, Turner (2001) has reported observations of N 2 D + (1-0) in several astronomical objects where the hyperfine structure due to both the N nuclei is fully resolved into seven components.
As far as higher J transitions are concerned, Sastry et al. (1981) observed unresolved rotational lines up to the J = 6 ← 5 one in the positive column of a DC glow discharge, while some hyperfine structure for the J = 2 → 1 and 3 → 2 transitions has been detected by several radioastronomers (Gerin et al. 2001; Turner 2001; Caselli et al. 2002a) .
In this paper, we report the first laboratory measurements of the N 2 D + (1-0) hyperfine structure and we compare these measurements with a high sensitivity astronomical observation of the same transition toward the dense cloud core L183. This analysis allowed us to derive all the determinable hyperfine parameters. In addition, laboratory spectra of unresolved high J transitions were recorded up to 463 GHz, in order to determine accurate rotational and distortion constants for predictions in the submillimeter-wave region.
Observations

Laboratory measurements
The laboratory spectrum was observed with a frequencymodulated millimeter-wave spectrometer (Cazzoli & Dore 1990a ) equipped with a double-pass negative glow discharge cell ). The radiation source was a frequency multiplier driven by a Gunn oscillator working in the region 77−116 GHz (J. E. Carlstrom Co) or the Gunn itself for measurements at 77 GHz; the signal, detected by a liquidhelium-cooled InSb hot electron bolometer (QMC Instr. Ltd. type QFI/2), was demodulated at 2-f by a lock-in amplifier.
N 2 D + was produced by discharging a 1:1 mixture of N 2 and D 2 in Ar buffer gas with a total pressure of about 5 mTorr. The discharge current was a few mA, the cell was cooled at 77 K by liquid nitrogen circulation, and an axial magnetic field up to 165 G was applied throughout the length of the discharge. With this longitudinal magnetic field applied, ions are produced and observed in the negative glow (De Lucia et al. 1982) , which is a nearly field free region and where they are expected to show negligible Doppler shift due to the drift velocity, occurring, instead, in the positive column (Sastry et al. 1981) where a low axial electric field is present. In addition, the double-pass arrangement would compensate for such a shift, if present. Figure 1 shows the hyperfine structure of the J = 1 ← 0 transition of N 2 D + observed in laboratory. The black curve is the hfs fit obtained with the data reduction package CLASS (see URL www.iram.fr/IRAMFR/GS/class/class.html) using the frequencies of the seven hyperfine components as found in this paper. The fit parameters are: excitation temperature T ex = 4.1 ± 0.5 K, LSR velocity V LSR = 2.444 ± 0.001 km s −1 , line width ∆v = 0.331 ± 0.004 km s −1 , and total optical depth τ TOT = 1.8 ± 0.3. Each hyperfine is indicated by the corresponding F 1 , F quantum numbers (see also 
Detection toward L183
The observations of L183 were performed with the NRAO 12-m telescope (1-0) ). With a peak of T mb ≈ 1.6 K, the N 2 H + 1-0 spectrum has a peak signal-to-noise ratio of over 100. The N 2 D + (1-0) spectrum is shown in Fig. 2 . It is interesting to note that this transition does not present excitation anomalies, unlike N 2 H + (1-0) (see Caselli et al. 1995) .
Analysis and discussion
The frequencies of the seven hyperfine components of N 2 D + (1-0) observed toward the dense cloud L183 (see Fig. 2 Caselli et al. (1995) deduced a value which is 4.2 kHz more than that one deduced here; on the other hand, they gauged the N 2 H + (1-0) frequency from the comparison with the C 3 H 2 (2 1,2 → 1 0,1 ) line, measured in the laboratory with an uncertainty of 6 kHz (Vrtilek et al. 1987 ). However, although the C 18 O(1-0) frequency is known with higher precision than the C 3 H 2 line, we note that N 2 H + and CO do not trace the same regions in low mass cloud cores (the latter being significantly depleted in the central regions, where the former peaks; see e.g. Tafalla et al. 2002) , whereas C 3 H 2 and N 2 H + seem to have a similar behaviour (Benson et al. 1998 ). CO freeze out is also present in L1512 (see Lee et al. 2003) , the quiescent core where all the above frequency determinations have been performed. Therefore, the presence of velocity fields along the line of sight of L1512 may cause a shift between N 2 H + and C 18 O lines, although current kinematic studies present L1512 as a dynamically stable core (Lee et al. 2003 ).
For the above reason, it is thus very important to determine a precise value of the N 2 H + (1-0) frequency in the laboratory, to overcome the radioastronomical uncertainties. However, this is a difficult task, since sub-Doppler spectroscopy can not be exploited with electric discharges, and pressure line shift may occur (see Buffa et al. 1994) : we are actually working on this (Dore et al., in preparation) .
The measured hyperfine frequencies, both from laboratory and space, are listed in Table 1 , and the determined spectroscopic constants are reported in Table 2 , where the hyperfine constants of N 2 H + are also reported for comparison purposes. The error associated with the radioastronomical determination of ν 0 does not include the 6 kHz uncertainty in the N 2 H + (1-0) a The rotational ground level is split in three states with F = F 1 + I N = 0, 1, 2: they are degenerate because J = 0. b Statistical uncertainty estimated from repeated measurements is about 5 kHz for well resolved components; however, line frequencies may be shifted by effect of the pressure (see Buffa et al. 1994 ) of about +10-15 kHz. c Quoted errors do not take into account of the uncertainty on the N 2 H + (1-0) frequency (see text). Caselli et al. (1995) . c The reported uncertainty is the standard error from the fit, the effective accuracy is 6 kHz (see text).
frequency, due to the errors associated with the velocity determination of the line (0.02 km s −1 , see Table 2 of Lee et al. 2001 ). In the same way, the error of the laboratory determination does not account for the possible pressure line shift, which can be estimated in the order of +10−15 kHz from our preliminary measurements of the effect. The better precision of the hyperfine constants derived from the radiostranomical data is due to their better resolution, which also appears in the higher accuracy of the C 1 spin-rotation constant.
The analysis was carried out by means of Pickett's SPFIT fitting program (Pickett 1991) , which uses the following hyperfine Hamiltonian for plural unequal quadrupole and spinrotation couplings:
where T k denotes a spherical tensor of rank k. H hfs accounts for the electrostatic interaction between the quadrupole moment (Q) of a nucleus with I ≥ 1 and the electric field gradient (q) at the nucleus, and for the interaction between the magnetic dipole moment (µ) of a nucleus with I ≥ 1 2 and the magnetic field (m) due to the molecular rotation. In the present case, the sum should run over all the three nuclei of the molecule. The Deuterium coupling, however, can be neglected, as proved by the following arguments: i) no more than seven hyperfine components as expected in the case of coupling of both N nuclei were detected; ii) the residuals of the fit without D coupling are well consistent with the measurement uncertainties for both sets of hyperfine data (see Table 1 ); iii) a prediction of the D contribution estimated with accurate hyperfine constants of DC 15 N obtained in a sub-Doppler experiment (eqQ D = 200.6, C D = −1.9 kHz, Cazzoli & Dore 1990b) gives shifts of the blended hyperfine components of 2 kHz at most: therefore, the hyperfine parameters for outer and inner N nuclei are the only determinable ones. The analysis carried out by Turner (2001) included the Deuterium hyperfine parameters, but this approach led to undetermined values for both N spin rotation constants and the D quadrupole constant, and to a large unrealistic value for the D spin rotation constant. Table 3 compares the measured higher-J transition frequencies with the old measurements of Sastry et al. (1981) corrected for the Doppler shift. The new data were analyzed with the previously mentioned SPFIT code, which accounts for the shift of the apparent line center from the unperturbed frequency when the hyperfine parameters are fixed to the values derived above from the radio-astronomical data. The newly determined rotational and centrifugal distortion constants agree within 3σ with the constants of Sastry et al. (1981) , but they are more precise and allow a fairly accurate prediction of the N 2 D + transitions occurring in the submillimeter-wave region. In Table 4 are reported the calculated ∆F = +1 hyperfine components of a Difference between measurements of this work and of Sastry et al. (1981) . b Unperturbed (1-0) frequency, its weight (inverse square of the uncertainty) was assumed to be nine times larger than the others in the fit. c Standard errors are reported in parentheses in units of the last quoted digits.
d Sastry et al. (1981) .
J + 1 ← J transitions, with J in the range 6−11, whose relative intensity is more than 0.003; these components account for more than 97% of the total line intensity in each transition and are so close in frequency to give rise to a single blended line, whose frequency, computed as a sum of the hyperfine frequencies weighted by their relative intensity, is reported in Table 4 along with its standard error. For the sake of completeness, we also report the hyperfine frequencies of the two low-J transitions of N 2 D + not considered in this work. The J = 2←1 and J = 3←2 transitions have 40 and 45 separate components, respectively. Table 5 lists the calculated components (27 for the 2←1, and 25 for the 3←2), whose relative intensity is more than 0.001 and which together account for more than 99% of the total line intensity in each transition. Analogous line lists have been reported for N 2 D + (2-1) and (3-2) by Gerin et al. (2001) , who used for their computation N 2 H + hyperfine parameters instead of the more accurate N 2 D + parameters derived and used in the present paper. Finally, Tables 6-8 report the calculated hyperfine frequencies of the three millimeter-wave transitions observed in this work; the ∆F = +1 components blend together in a single line and account for more than 91%, 94%, and 96% of the total line intensity, respectively; ∆F = 0 components with relative intensity greater than 0.001 are also reported.
Conclusion
The analysis of the fully resolved nitrogen hyperfine structure of N 2 D + (1-0) observed toward L183, together with laboratory measurements of the same molecular transition, allowed an accurate determination of the hyperfine constants of both outer and inner nitrogen. No contribution of deuterium appears in the N 2 D + (1-0) hyperfine structure. The determined parameters are, in fact, very similar to the N 2 H + constants as assumed by Gerin et al. (2001) in their analysis of N 2 D + (2−1) and (3−2). Along with the accurate rotational and centrifugal distortion constants derived from the high frequency laboratory measurements, these constants has been used to predict the hyperfine structure of N 2 D + transitions occuring in the submillimeter-wave region.
